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Abstract 
A multi-wavelengths pyrometer and an infrared camera are applied with Trumpf DMD 505 industrial-scale laser cladding 
machine for optical diagnostics. Brightness temperature of the molten pool is measured with the variation of the main laser 
cladding parameters such as scanning speed, laser power, powder feed rate and powder material composition. Black body model 
Micron M390 is applied to transform the raw signal from the camera and the pyrometer to the brightness temperature. 
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1. Introduction 
Laser cladding (LC) is a surface engineering technique allowing deposit a layer of materials of a different nature 
on a surface of a metallic part using powder or wire [1-4]. The LC process is known as an effective method for 
repairing damaged components and improving surface protection for high wear or corrosion resistance [5-7]. The 
most important objective is to increase product quality, process stability and reproducibility along with the 
simultaneous decrease of risks, failures and defects both on processes and on end-products [8]. 
Metal Matrix Composite (MMC) materials are designed to surpass conventional metal alloys in the areas of 
improved wear, temperature resistance, strength, hardness, conductivity, dimensional dampening and weight [9]. 
MMC are composed with at least two constituent parts, one being an alloy. The matrix is the monolithic material 
into which the reinforcement is embedded. Alloys including aluminium, copper, iron (steels), magnesium, nickel, 
and titanium have been utilized as matrices. Most often reinforcement materials for MMCs are ceramics (oxides, 
carbides, nitrides, etc.) which are characterized by their high strength and stiffness both at ambient and elevated 
temperatures. MMC can take many different forms with variations in the quantity and nature of the reinforcement 
material [10]. Replacing conventional materials, MMCs found different applications in automotive, aircraft and 
mechanical industry. 
In this study LC technique is used to produce MMC from a high-strength steel 16NCD13 reinforced by titanium 
carbide.  
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A multi-wavelengths pyrometer and an infrared camera were applied to measure brightness temperature that is 
useful to control melting and solidification processes, and to avoid thermal decomposition of complex powder 
blends [11, 12]. 
2. Experimental setup 
2.1. Optical diagnostics tools 
The multi-wavelengths pyrometer and the infrared camera were fixed onto the laser cladding head (Figure 1). 
The measurements were realized once the deposition process is stabilized, i.e. during cladding of the third track 
(Figure 1).  
The originally developed multi-wavelengths pyrometer was applied for temperature measuring in the centre of 
the laser spot during laser cladding (Figure 2) [13]. The device measures the brightness temperature from 900°C up 
to 3000°C at 12 wavelengths in the 1.001 - 1.573 µm spectral range with 50 µs acquisition time in a single spot with 
800 µm diameter (Figure 2). The particular feature is utilization of narrow spectral bandwidth of 50 nm. The device 
consists of a separated receiving optical unit and a InGaAs photodetector connected by optical fiber [14]. 
The brightness temperature evolution measured by multi-wavelengths pyrometer can be divided into three stages 
(Figure 3): 1 - laser heating of substrate and powder material, formation of molten pool; 2 – regular material 
deposition process by powder melting; 3 - cooling of the cladding bead. The average brightness temperature was 
calculated in the middle of the third laser clad bead. The brightness temperature measured by multi-wavelength 
pyrometer corresponds to wavelength λ=1.19 µm. 
Brightness temperature distribution in zone of laser action (Figure 4) was acquired by infrared camera FLIR 
Phoenix RDAS™ [15, 16]. The camera is equipped by a InSb sensor with 3 to 5 µm band pass arranged on 320x256 
pixels array. The brightness temperature measurement was realized under the following conditions: exposition time 
10 µs, observation zone 40x15 mm2, angle of observation 60° relatively to the surface normal.  
To obtain the brightness temperature both diagnostics tools were calibrated with blackbody model Micron M390 
in a broad temperature range from 600 up to 3000°C. 
Transversal and longitudinal profiles of brightness temperature captured by infrared camera (Figure 2) were 
obtained after analysis and treatment of 10 consequent images and data averaging (Figure 4, transversal profile). The 
transversal temperature profiles aren't symmetrical relatively to cladding axis (X-axis) because of consequent tracks 
overlapping. 
 
 
Figure 1. Experimental setup for optical diagnostics of laser 
cladding process. 
Figure 2. Schema of brightness temperature measurement during laser 
cladding. 
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Figure 3. Evolution of brightness temperature measured by pyrometer 
(wavelength λ=1.19µm) during laser cladding. Cladding parameters: 
powder 16NCD13/TiC (90/10 vol%), P = 5 kW, S = 0.7 m/min, F = 
 15 g/min.  
Figure 4. Brightness temperature profile across the cladding bead 
measured by infrared camera. Cladding parameters: powder 
16NCD13/TiC (90/10 vol%), P = 5 kW, S = 0.7 m/min, F = 15 g/min.  
2.2. Laser cladding installation and process parameters 
The present study was performed on Trumpf DMD 505 laser cladding installation. This machine is equipped by a 
5 kW continuous wave CO2 laser, a coaxial cladding head, and a CNC five-axis manipulator. The laser beam with 
TEM01* power density distribution is focused on the substrate at 20 mm distance from the nozzle tip. The beam spot 
diameter d0.86 increases linearly from 3.6 to 5 mm as the laser power varies from 2 to 5 kW. Experiments were 
carried out with scanning speed S = 0.4, 0.7, 1.0 m/min, laser power P = 3, 4, 5 kW, powder feeding rate F = 14, 25, 
and 36 g/min. The coating was produced by overlapping successive laser tracks with hatch distance p = 3 mm. 
Process gas flow rates were kept constant: Gcarrier (Ar/He) = 18/2 l/min, Gshaping (Ar) = 10 l/min and 
Gnozzle (Ar/He) = 15/1 l/min. 
MMC material was manufactured from commercially available powders: (a) steel 16NCD13 (14NiCrMo13-4) by 
Sandvick Osprey Ltd. with -106+45 µm particle size; (b) titanium carbide  by Testbourne with -80+40 µm particle. 
The powders were premixed in different proportions: 90/10; 95/ 5; 97.5/2.5 vol% of steel and of titanium carbide, 
respectively. The powder mixtures were deposited on cast iron substrate S235. 
3. Results and Discussion 
3.1. Brightness temperature at different cladding parameters 
3.1.1. Measurements by multi-wavelengths pyrometer 
The variations of brightness temperature measured by pyrometer on the surface of molten pool versus laser 
cladding parameters are presented in Figure 5. The measurement results showed that with increasing the laser 
power, P, from 3 to 4 and 5 kW (ratio 0.6:0.8:1) the average brightness temperature increases from 1649°C to 
1726°C and 1773°C (ratio 0.93:0.97:1), i.e. the temperature changes by 125°C (Figure 5a). The mean square 
deviation is 25°C for P = 3kW, 31°C for P = 4kW and 26°C for P = 5kW. A similar tendency was observed for 
variation of laser beam scanning speed S = 0.4, 0.7 and 1 m/min (ratio 0.4:0.7:1) the brightness temperature has 
values 1790°C, 1772°C and 1740°C (ratio 1:0.99:0.97), respectively, i.e. the difference between the minimum and 
the maximum temperature is 50°C (Figure 5b). 5a). The mean square deviation is 21°C for S = 0.4 m/min, 24°C for
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S = 0.7 m/min and 27°C for S = 1 m/min. By rising the powder feeding rate, F, from 15 to 25 and 35 g/min (ratio 
0.43:0.71:1) the brightness temperature varied in short interval between 1755°C and 1814°C (ratio 0.98:1:0.97, 
Figure 5c). The mean square deviation is 26°C for F = 15 g/min, 20°C for F = 25 g/min and 43°C for F = 35 g/min. 
 
Figure 5. Influence of main laser cladding parameters on brightness temperature (wavelength λ=1.19µm). Cladding parameters: powder 
16NCD13/TiC(90/10 vol%); (a) P = var, S = 0.7 m/min, F = 15 g/min; (b) P = 5 kW, S = var, F = 15 g/min; (c) P = 5 kW, S = 0.7 g/min, 
F = var. 
 
3.1.2. Measurements by infrared camera 
Profiles of brightness temperature in the zone of laser action are shown in Figures 6-8. One may note the 
predictable divergence in dimensions of the melt pool, depending on the input parameters. 
Analysis of profiles of brightness temperature (Figure 6a, b) indicates a direct influence of laser power on the 
molten pool dimensions despite almost the same average level of brightness temperature. 
This is caused by the laser radiation parameters (Table 1): laser spot size is a function of laser power. That is why 
power density holds practically at the same level. Also, the size of the laser spot in general defines the melt pool 
dimensions, i.e. the zone of powder integration into the cladding bead. This is reflected in Figure 6b. 
Table 1. 
Laser power P, kW 3 4 5 
Laser spot d0.86, mm 4.1 4.5 5 
Power density , W/mm2 227 251 255 
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(a) (b) 
Figure 6. Influence of laser power, P, on brightness temperature: (a) – along the cladding bead; (b)-across the cladding bead. Cladding 
parameters: powder 16NCD13/TiC (90/10 vol%); P = var, S =0.7 m/min, F = 15 g/min. Variation of beam diameter with laser power is 
indicated by d0,86 parameter. 
  
(b) (b) 
Figure 7. Influence of scanning speed, S, on brightness temperature: (a) – along the cladding bead; (b)-across the cladding bead. 
Cladding parameters: powder 16NCD13/TiC (90/10 vol%); P = 5 kW, S = var, F = 15 g/min. 
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(a) (b) 
Figure 8. Influence of powder feeding rate, F, on brightness temperature: (a) – along the cladding bead; (b)-across the cladding bead.. Cladding 
parameters: powder 16NCD13/TiC(90/10 vol%); P = 5 kW, S = 0.7 m/min, F = var. 
 
The monotonous increase of the sizes of heat affected zone (HAZ) with laser power is evident (Figure 6). The 
increase in the longitudinal direction is more pronounced than in the transversal one, which is related to elongated 
shape of the molten pool, which sizes are increasing with laser power, and the constant density of powder flux on its 
surface.  
The monotonous temperature decrease with beam scanning speed (Figure 7) is similar to the one predicted by 
linear theory of heat transfer in case of Gaussian heat source moving on the surface of a semi-infinite body [17].  
The non-monotonous temperature variation with powder feeding rate is more difficult to explain. One of the 
potential reasons could be instability of feeding rate at its lower value, i.e. at F= 15 g/min. The spatial distribution of 
particles-in-flight could be a function of feeding rate as well. Indeed for the low feeding rate, that corresponds to 
lower velocity of particles carrier gas, the zone of particles impact at substrate is wider than for the higher gas 
carrier velocity that “focalize” the powder jet. The temperature profile for the minimum feeding rate is wider than 
for the intermediate one, and the temperature profile with minimum width corresponds to maximum powder feeding 
rate (Figure 8b). 
The complex variation of longitudinal temperature profiles in the zone of laser impact and before it could be 
explained by complex interaction of particle jet with laser radiation. 
3.2. Brightness temperature at different TiC content in the alloy 
3.2.1. Measurements by multi-wavelengths pyrometer 
The results of brightness temperature measurements of the molten pool for different TiC content MMC are 
shown in Figure 9. With increasing TiC content up to 2.5 vol% the average level of brightness temperature 
decreases from 1626 to 1506 °C. Then it increases to 1773 °C at 10 vol% content of TiC. At low content of TiC (2.5 
vol%) in the powder mixture, the brightness temperature fluctuates in a wide range because of the irregular injection 
of a low quantity of TiC in the molten pool. At the high TiC content (10 vol%) the brightness temperature is 
stabilized. 
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Figure 9. Evolution of brightness temperature for different TiC content 
in the powder mixture (wavelength λ=1.19µm). Cladding parameters: 
P = 5 kW, S = 0.7 , F = 15 g/min; powder 16NCD13/TiC (var vol%): 
(a) 95/5 (vol%); (b) 90/10 (vol%); (c) 100/0 (vol%); (d) 97.5/2.5 
(vol%). The mean temperature values and mean square deviations are 
indicated as well. 
Figure 10. Phase diagram for a binary system Fe-TiC. 
The thermal properties of the deposited material depends on TiC content. To estimate, at a first approximation, 
the effect of titanium carbides on the microstructure and the properties of the steel, a phase diagram of an iron alloy 
with TiC is considered (Figure 10). Concentration of the TiC dissolved in a solid solution increases with the cooling 
rate relatively to the equilibrium conditions. Shift of the critical points of phase transitions occurs (Figure10). As can 
be seen from the diagram, the temperature at which the referred alloy completely transforms into a liquid state 
depends on the TiC content in Fe. At low content of TiC (2.5 vol%) the temperature of complete fusion of the alloy 
is lower than that of pure iron (Tm = 1538 °C), at a high content of TiC (10% vol) is much higher. 
Accurately estimate the temperature of formation of the liquid phase for different alloys is difficult due to an 
unknown position of the shifted critical points. At low TiC content (2.5 vol%) alloy turns to be γ monophase and a 
solid supersaturated solution of TiC in γ-Fe forms. And at a high TiC content (10 vol%), primary titanium carbides 
TiCprim precipitate that become centres of crystallization of a nonequilibrium eutectic E (γ + TiC). 
The measurement results of brightness temperature indirectly indicate that laser cladding process occurs at 
temperatures close to the melting point. The average level of brightness temperature varies depending on TiC 
content in the alloy according to the phase transition curve (solid-liquid phase) on Fe-TiC phase diagram. 
3.2.2. Measurements by infrared camera 
Looking at the complex temperature distributions registered by infrared camera, one may note that they provide a 
lot of detailed information that is difficult to decode. Non-uniform temperature distribution could be related to 
appearance of thin oxide films and their convective motion. Sharp temperature gradient at the head of molten pool 
(Figure 11a, b) corresponds to the zone of particles injection into the molten pool. A particle at impact temperature 
depends on a number of factors including particle trajectory that defined its interaction with laser beam. Keeping in 
mind small size of a particle, it could be rapidly overheated to a temperature well superior than that of the molten 
pool. That is under certain conditions, for certain trajectories of particles, their temperature at impact could well 
exceed the molten pool temperature. As infrared camera records the superposition of thermal radiation from cladded 
bead and from particles-in-flight, this results in appearance of zones with elevated temperature [18]. 
The variation of brightness temperature with increasing content of ceramic component could be partly explained 
by the difference in their optical and thermal properties. And, finally, there are visible differences in between 
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consecutive images in the frames of the same series of experiments. Instability of injection of admixture when using 
premixed powder blends is a known problem. 
 
 
 
(a) (b) 
 
(c) (d) 
Figure 11. Brightness temperature distribution for TiC contents in the powder 16NCD13/TiC (var 
vol%): (a) 100/0 (vol%); (b) 97.5/2.5 (vol%); (c) 95/5 (vol%); (d) 90/10 (vol%). Cladding parameters: 
P = 5 kW, S = 0.7  m/min, F = 15 g/min; powder 16NCD13/TiC (var vol%). 
 
4. Conclusions 
The comprehensive optical diagnostics using the pyrometer and the infrared camera was applied for CO2-laser 
laser cladding with co-axial powder injection.  
The variations of brightness temperature measured by the pyrometer in the zone of laser impact versus laser 
cladding parameters were found: (a) with increasing the laser power from 3 to 5 kW the average brightness 
temperature monotonously increases from 1649°C to 1773°C, respectively, with the mean square deviation in the 
range 25-31°C; (b) with increasing the laser beam scanning speed from 0.4 to 1 m/min, the average brightness 
temperature monotonously decreases from 1790°C to 1740°C, respectively, with the mean square deviation in the 
range 21-27°C; (c) by rising the powder feeding rate from 15 to 35 g/min the brightness temperature non- 
monotonously varied in the short interval 1755-1814°C  with the mean square deviation from 20 to 43°C. 
The small range of temperature variation is explained by the proportional increase of laser spot surface with laser 
power thus keeping constant the value of energy density flux.  
The dimensions of HAZ recorded by infrared camera are affected by cladding parameters in the similar way: 
monotonous variations of HAZ with laser power and beam scanning speed are accompanied by non-monotonous 
temperature variation with powder feeding rate. As infrared camera records the superposition of thermal radiation 
from cladded bead and from particles-in-flight, this results in appearance of zones with elevated temperature. 
The variation of brightness temperature with increasing content of ceramic component could be partly explained 
by the difference in their optical and thermal properties. 
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